Africa motivated the recent development of a modeling framework that asynchronously couples four models for regional climate, crop growth, socioeconomics, and cropland allocation. This modeling framework can be applied to a future time slice using an equilibrium approach or to a continuous projection using a transient approach. This paper compares the differences between these two approaches, examines the transient dynamics of the system, and evaluates its impact on future projections. During the course of projection up to mid-century, food demand is projected to increase monotonically, while the projected crop yield shows a high degree of temporal dynamics due to strong climate variability. Such temporal dynamics are not accounted for by the equilibrium approach. As a result, the transient approach projects a generally faster future expansion of cropland, with the largest differences over Benin, Burkina Faso, Ghana, Senegal, and Togo. Despite the relative large differences between the two approaches in projecting land cover changes associated with cropland expansion, the projected future climate changes are fairly similar. While the additional cropland expansion in the transient approach favors a wet signal, both the transient and equilibrium approaches project a future decrease of rainfall in the western part of West Africa and an increase in the eastern part. For quantifying climate changes, the equilibrium application of the modeling framework is likely to be sufficient; for assessing climate impact on agricultural sectors and devising mitigation and adaptation strategies, transient dynamics is important.
Introduction
Anthropogenic land use and land cover changes (LULCC) affect regional or local climate through alterations of both biogeophysical and biogeochemical processes involved in land-atmosphere interactions. Humaninduced modifications of the physical land surface properties lead to changes in surface albedo and roughness length, partitioning between sensible and latent heat fluxes, compositions of atmospheric greenhouse gases, and other key components of water, energy and carbon cycles, which in turn alter the existing climatic patterns [Claussen et al., 2001; Pitman et al., 2009; Pongratz et al., 2010; Sylla et al., 2016; Wang et al., 2016] . While assessments of the effect of anthropogenic land use are critically important in climate change impact studies, uncertainties are rife in quantifying the response of climate variables to land cover changes [Pitman et al., 2009; Brovkin et al., 2013; Frieler et al., 2015] . It is challenging to understand and quantify the climate response to anthropogenic LULCC in the context of climate projections for two primary reasons. First, projection of future land use patterns, especially on the large scale, is subject to a high degree of uncertainties related to human decision making [Rounsevell et al., 2014; Ahmed et al., 2016] . Second, because of the counteracting effects of various underlying processes with large regional variability, no clear directionality is expected from the response of some climatic variables to LULCC. For example, while conversion of forests to croplands may lead to warming when/where reduction in evapotranspiration is dominant [Brovkin et al., 2009; Sylla et al., 2016] , it may cause cooling when/where increase of surface albedo is dominant [Claussen et al., 2001; Lee et al., 2011] . The interaction between climate and LULCC needs to be evaluated comprehensively in regional climate projection.
Land-atmosphere coupling is strong in most of West Africa [Koster et al., 2004] . Potential impacts of land cover changes, both natural and anthropogenic, on the regional climate in West Africa have been a topic of extensive research [Taylor et al., 2002; Hagos et al., 2014; Wang et al., 2016] . The West Africa climate, precipitation in particular, features strong inter-annual and inter-decadal variability including a persistent drought in the Sahel during the second half of the 20 th century. Many studies investigating this drought suggested that natural and anthropogenic land cover changes played a critical role [Zeng et al., 1999; Wang and Eltahir, 2000; Xue et al., 2010] . Changes in land surface characteristics, both natural and human-induced, mainly affect the dynamics of the West African monsoon leading to a shift in precipitation pattern. Charney et al. [1975] proposed that the conversion of forest to bare soil perturbs the albedo gradient and increases atmospheric subsidence weakening the monsoon precipitation. Taylor et al. [2002] , using a General Circulation Model (GCM) and a land use model, suggested that land use changes characterized by agricultural extensification and deforestation would delay the monsoon onset and thus reduce the overall precipitation. Numerous studies on this topic, mostly based on numerical model simulations, all demonstrate the strong sensitivity of West African Climate to LULCC, but the extent of the climate response involves large uncertainties, mainly resulting from the differences in methods of prescribing LULCC.
Agricultural land use represents one of the main factors responsible for anthropogenic LULCC. Globally, although intensive farming adopted by farmers in last few decades has slowed down the rate of crop area expansion, fraction of agricultural land use has still been increasing [Burney et al., 2010; Hurtt et al., 2011] . This is especially the case in developing regions with poor socioeconomic infrastructure where expansion of crop area at the expense of natural vegetation (e.g., subsistence farming such as slash-and-burn practice) is a common practice. Therefore, with constantly increasing food demand across the globe, the trend of agricultural land use should be carefully considered in analyzing and projecting regional climate change. Despite the crucial link between climate and LULCC in a region, the mechanisms of anthropogenic land use, instead of being directly incorporated, are usually represented as an external forcing in climate models [Pielke et al., 2011; Rounsevell et al., 2014] , and biogeophysical impacts of the land use change dynamics are often ignored in future climate projection studies.
Crop productivity, which is strongly influenced by climate, represents an intrinsic link between climate and anthropogenic land use. The climate-induced crop yield loss, in addition to the rapidly increasing food demand in many regions, will be an important driver for future LULCC under future climate scenarios. Projection of future yield under climate change scenarios needs to be accounted for explicitly in the modeling of future land use and land cover changes. Since different crops could respond differently to the same changes of climate, species variability of crop yield also needs to be examined to better understand the land use dynamics. Therefore, comprehensive analysis of crop response to regional climate changes should be included while investigating future land use changes and the resulting feedback to regional climate. Previous studies usually prescribed changes in crop area and other land use types to examine the climate sensitivity to agricultural land use in West Africa. However, to our knowledge, no previous studies projecting regional climate change in West Africa directly addressed the climate change impact on crop yield in evaluating land use-climate interaction in the region.
Our main objective is to understand and project the response of the West African climate to future land use changes, and to project cropland expansion in the region considering climate-induced crop yield changes as one of the key drivers for agricultural land use change (in addition to the future increase of food demand). To model the interactions between regional climate and agricultural land use, we designed a comprehensive modeling framework that asynchronously couples a process-based crop model, a socioeconomic model and a cropland allocation model with a regional climate model [Wang et al., 2017] . This modeling framework was used in an equilibrium mode to project regional climate change and cropland expansion in West Africa for the mid-century in a companion paper [Wang et al., 2017] . This current study makes use of the same modeling framework but takes a transient approach, and focuses on the transient dynamics in regional climate and land use and how they influence model projections.
Models and Methodology

The Asynchronously Coupled Modeling Framework
This study makes use of the asynchronous coupled modeling framework of Wang et al. [2017] that links four different models: a regional climate model, a crop growth model, a socioeconomic model, and a cropland projection model. The regional climate model [Wang et al., 2015] results from the coupling of the International Center for Theoretical Physics (ICTP) regional climate model (RegCM) version 4.3.4 [Giorgi et al., 2012] with the Community Land Model (CLM) version 4.5 [Oleson et al., 2013] . The model includes multiple options of convection scheme, and the MIT-Emanuel cumulus convection scheme [Emanuel, 1991] was chosen for use in this study to optimize performance in capturing the present-day climate in West Africa. For future projections, the model was driven with initial and boundary conditions from the CMIP5 RCP8.5 simulations of the Community Earth System Model (CESM) CCSM4 version. Output from the regional climate model was resampled to 0.58 resolution and corrected for model bias [Ahmed et al., 2013; Wang et al., 2017] before it was used as input to the crop growth model DSSAT.
The process-based crop model DSSAT [Jones et al., 2003] integrates crop physiology and phenotype, weather and soil data, and crop management strategies to simulate crop yield. Five major crops in West Africa, namely maize, millet, sorghum, peanut, and cassava, are included in this study. These five crops occupy approximately 80% of cultivated area in West Africa. DSSAT was calibrated to simulate future yield for cereal crops at a spatial resolution of 0.5˚following the methodology of Ahmed et al. [2015] . For cassava and peanut, DSSAT calibration was not as satisfactory. Instead, to correct the model biases, the DSSAT-projected future yield values of cassava and peanut were scaled by the ratio of country-level present-day observed yield to model yield. For each crop, the planting month is chosen based on the typical monsoon onset time, while the exact planting date is determined by the model to reflect the time when soil moisture reaches a specified threshold within the planting month. Therefore, as climate forcing varies from year to year, the planting date also varies accordingly. The simulated yearly yield values averaged over each 5 year iteration period were first adjusted using factors that reflect the DSSAT model bias, weight of minor crops, and prevalence of mixed farming practices, and were then provided as inputs to the cropland projection model LandPro_Crop to develop cropland expansion scenarios at the end of the specific 5 year period.
LandPro_Crop develops cropland expansion scenarios based on the supply deficit for each crop. Specifically, it calculates the gap between trade-adjusted demand for each crop in the next 5 years and the projected supply from the present-day harvest area at the projected level of crop yield, and allocates naturally vegetated land for conversion to cropland to close the gap following a set of rules or assumptions [Ahmed et al., 2016] . The resulting new land use land cover distribution will be used to update the surface boundary conditions for the regional climate model RegCM-CLM. Here, the country-averaged crop-level food demand and international trade were projected by the International Model for Policy Analysis of Agricultural Commodities and Trade (IMPACT) [Rosegrant et al., 2012] . In this study, the IMPACT was run under the Shared Socioeconomic Pathway-2 (SSP2), a moderate pathway characterized by historical trends of economic development and medium population growth, and driven by RCP8.5 future climate from four global climate models (GFDL-ESM2M, HadGEM2-ES, IPSL-CM5A-LR, and MIROC-ESM). The average of the four projections was used as input to the LandPro_Crop model. Further details about the modeling framework can be found in the companion paper [Wang et al., 2017] .
Experimental Design
The asynchronously coupled modeling framework described above can be implemented in a transient mode with an iteration period ranging from one to several years, or in an equilibrium mode (with an iteration period of several decades as in Wang et al. [2017] ). The description in section 2.1 here pertains to a transient application with a 5 year iteration period, which is the focus of this paper. To examine the differences in future projections between the equilibrium and transient approaches, and to elucidate the transient dynamics of the coupled climate-agriculture system, two experiments of future climate projections accounting for future land use changes were conducted here: FUTURE_EQ_LUC using the equilibrium approach and FUTURE_TR_LUC using the transient approach. In addition, a future projection experiment (FUTURE_NO_LUC) was also conducted that does not consider the impact of potential land cover changes. climate scenarios from RegCM-CLM, while RegCM-CLM dynamically downscaled future CESM climate with land use land cover updated every five years according to output from LandPro_Crop. Specifically, the CESM outputs were downscaled to 50 km in RegCM-CLM, which is then resampled to a 0.58 grid and corrected for model bias before being used as input to DSSAT to project crop yield for each year during a given 5 year period; the 5 year averages of these crop yields, together with the demand for crop production projected by IMPACT, are then provided to LandPro_Crop to project the cropland expansion and the associated loss of natural vegetation cover; the updated land use land cover map was then used to drive the RegCM-CLM model for the next 5 year iteration. Bias correction of the dynamically downscaled climates follows the Statistical Downscaling and Bias Correction (SDBC) method [Ahmed et al., 2013] To define future changes, results from these experiments were compared to a present-day control simulation. The initial and boundary conditions for RegCM4.3.4-CLM4.5 were derived from the CMIP5 CESM runs, including the 20 th century simulation during 1981-2000 for the present-day control and the RCP8.5 run with varying time period for the future experiments. Land cover was prescribed according to remote sensing data [Lawrence and Chase, 2007; Lawrence et al., 2011] in the present-day control simulation, and was dealt differently in each future experiment.
There are a few key assumptions in the proposed modeling approach, which are related to the projection of crop yield and cropland allocation using DSSAT and LandPro_Crop respectively. In running DSSAT for future scenarios in West Africa, we did not consider the farmers' adaptive potential (e.g., through increased fertilizer and labor input, expansion of irrigation, and switch to more heat-or drought-resistant cultivars) to address the yield loss caused by climate and socioeconomic changes. In LandPro_Crop, the cropland allocation algorithm assumes that crop production and agricultural land use will have priority over natural land cover types and does not consider local/national land use policies accounting for the economic value of forests and grasslands. Additional sources of uncertainties have been discussed in the companion paper [Wang et al., 2017] and will not be repeated here.
Results and Discussion
Projected Cropland Expansion
The FUTURE_TR_LUC experiment projects large increases in crop area at the expense of natural vegetation in many parts of the region. The substantial crop area expansion is caused by climate-induced loss in crop yield and increase in food demand (Figure 1 ). In the present-day crop area distribution, agricultural land use is more dominant in the eastern part of the region; extensive presence of grassland is noticeable in the central and the western parts of the region, whereas forest area largely dominates the coastal region in the South. According to the model projection, future changes in climate and socio-economic factors would lead to almost complete exhaustion of natural vegetation in the eastern part. More than 90% of land area is projected to be occupied by cropland in Nigeria, Benin and Togo. In the eastern part of the region, fraction of cropland in Gambia would also comprise almost 95% of total land. The projected transient changes of total cropland coverage in each of the West African countries are presented in Figure 3 . The projected trend of cropland expansion in different countries follows very different patterns, and in any given country the rate of projected expansion from one 5 year period to another can largely vary over the entire simulation period . A sharp increase in the rate of crop area expansion during a particular 5 year window is common for many of the countries, and the spikes in the rate of crop area expansion cannot be fully explained by the trend of the IMPACT-projected food demands which usually follow a smooth increasing trend for most of the crops in the West African countries (Figure 4) . Although socioeconomic factors (characterized by changes in food demand) are projected to dominate future changes in agricultural land use for most of West Africa [Ahmed et al., 2016] , they cannot account for the strong temporal dynamics shown in Figure 3 . Instead, productivity of the major crops, which is an important pathway for climatic change to affect the agricultural land use, is the dominant cause for the strong dynamics of cropland expansion. The DSSAT-projected annual country-average crop yields show large inter-annual variability caused by climate variability [Ahmed et al., 2015] . This strong variability could lead to abnormally low yield over a 5 year period, which would result in a sharp increase in the rate of crop area expansion during that period as shown in Figure 3 . For example, the projected country-average cropland fractional coverage in Ghana increases by 13.7% between 2030 and 2035. This increase is noticeably higher than the percentages of cropland expansion during the previous 5 year periods from 2005 to 2030. Similar increase (13.5%) in cropland fractional coverage would also occur between 2040 and 2045. Timeseries of the projected food demand in Ghana show a smooth rate of increase for all the crops throughout the whole study period (Figure 4 ). However, for each country, although the overall countryaverage yield is projected to decease for all five crops, the trend pattern is not consistent across different crops. For example, the country-average maize yield in 2035 is less than 2030 in Ghana by almost 8.9%, which could lead to a higher deficit during that period resulting in the higher rate of crop area expansion. Similarly, the country-average cassava yield in Ghana is projected to decrease by 16.6% from 2040 to 2045, which is behind the larger crop area expansion during that 5 year period. In Guinea-Bissau as another example, although the cropland expansion is minimal during 2010-2035, a large decrease in maize yield (by almost 30%) during 2035-2040 and a large decrease in cassava yield (by about 25%) during 2040-2045 lead to a sharp increase in the projected countryaverage crop area over the course of a decade.
Comparison between Figures 2 and 3 indicates that for countries that are projected to experience strong fluctuations of crop yield (and therefore sharp expansion of cropland during some of the 5 year segments), the transient approach produces a much larger cropland expansion by 2050 than the equilibrium approach; for countries where such strong temporal dynamics is absent (e.g., Guinea, 
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Ivory Coast, Niger), the two approaches produce very similar results. Indeed the substantially faster cropland expansion projected by the transient approach is attributed to the climate-induced fluctuations of crop yield in the model. The abnormally low crop yield during some segment(s) of the transient duration causes rapid expansion of cropland to include areas that are relatively productive in that specific period but may not be productive under climate of subsequent segment(s). Cropland in subsequent years would therefore include a certain fraction that is no longer productive, because in the LandPro_Crop model, once a piece of land is converted to cropland it stays as cropland. This inclusion of historically productive land that is no longer productive directly causes the larger cropland expansion in the transient run than in the equilibrium run. The largest differences between the two approaches are projected over Senegal, Burkina Faso, Ghana, Togo, Benin, and part of Nigeria, most of which are located in the central part of West Africa. As this is the transition zone between the strong dry signal in the west and strong wet signal in the east based on projected future precipitation changes (as shown in section 3.2), it is not surprising that future crop yield in this region is projected to experience stronger fluctuations than elsewhere.
Projected Future Climate Changes
Based on experimental designs described in section 2.2, differences between FUTURE_EQ_LUC and the control experiment quantify future climate changes with land use scenarios projected using an equilibrium approach, while the differences between FUTURE_TR_LUC and the control experiment reflect the changes accounting for transient processes in LULCC dynamics. Additionally, the differences between FUTURE_EQ_ LUC and FUTURE_TR_LUC highlight the impact of transient interactions between land use and climate on regional climate projections in West Africa. Changes in land use and cover affect regional climate primarily via changing albedo, Bowen ratio, and surface roughness. Because of the projected LULCC in West Africa characterized by conversion of natural vegetation into cropland, albedo would increase in many parts of the region ( Figure 5 , top row). Magnitudes of albedo changes projected by FUTURE_EQ_LUC and FUTUR-E_TR_LUC experiments are generally similar, although the latter projects noticeably larger increase in some area (e.g., the central-west part of Nigeria) because of the faster crop area expansion replacing natural vegetation. Crop area expansion would also lead to reduced leaf area index (LAI) across the region except for several scattered areas where cropland would expand over currently bare land due to projected increase of precipitation ( Figure 5 , bottom row). Consistent with the difference in cropland expansion shown in Figure 
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2, FUTURE_TR_LUC projects smaller decrease of LAI than FUTURE_EQ_LUC along the southwest coast, and larger decrease in the north.
Under future greenhouse gas emission and land use scenarios, the model generally projects a drier summer over West Africa ( Figure 6 , top row). Average summer precipitation in many parts of the region would decrease by more than 1 mm/d. However, the model projects increased precipitation mainly in the northern Nigeria, southern Niger, southern Chad, and Central Africa, leading to a west-east dry-wet contrast in the projected changes. Differences between FUTURE_NO_LUC and FUTURE_TR_LUC indicate that that land cover changes contribute to a significant portion of the projected dry-wet dipole of precipitation changes, with the rest resulting from future GHGs concentration changes as discussed extensively in the companion paper [Wang et al., 2017] . The impact of land cover changes is especially important for the projected wet signal in the eastern part of the domain. This rather unique spatial pattern of precipitation changes related to land cover degradation results from the interaction of surface roughness changes with the low-level southeasterly flow during the summer monsoon [Wang et al., 2017, companion paper] .
The large-scale spatial pattern of precipitation changes does not differ much between FUTURE_EQ_LUC and FUTURE_TR_LUC, although the wet signal is much stronger and spatially more extensive in FUTUR-E_TR_LUC. At the individual country level however, transient processes in land use-climate interactions could considerably impact both the magnitude and direction of future changes in summer precipitation. For example, the projected increase in precipitation in Nigeria by the FUTURE_EQ_LUC experiment becomes more noticeable in the FUTURE_TR_LUC experiment, and the two experiments largely differ in projecting the future precipitation changes in Niger too. The transient experiment simulates substantially larger increase in precipitation which extends to the northern part of Niger. On the contrary, the equilibrium run projects large increase in precipitation in the central Burkina Faso contrasting the transient run which does not produce a wet signal. 
A significant decrease of evapotranspiration (ET) is projected over most of the region by both the equilibrium and transient experiments ( Figure 6 , middle row). As indicated by the differences between FUTURE_TR_-LUC and FUTURE_NO_LUC, part of the decrease in ET is caused by the degradation of vegetation cover leading to a decrease in LAI (as shown in Figure 4 ), which limits moisture supply to the atmosphere and thus contributes to the projected decrease of precipitation. The rest of the ET decrease might be a result of precipitation decrease leading to less water available for ET. In the northeastern part of West Africa where LAI is projected to decrease in some areas and increase in others, both the equilibrium and the transient experiments project an increase of ET accompanied by an increase in summer precipitation. The increase is greater in both the magnitude and spatial extent in the transient run, which projects an increase of summer average ET by 0.25 mm/d across northern Nigeria and southern Niger coinciding with the strongest increase of precipitation.
The model-projected increase in average summer temperature is generally similar in both magnitudes and spatial patterns between the two future climate experiments ( Figure 6 , bottom row). The lack of substantial difference between FUTURE_EQ_LUC and FUTURE_TR_LUC in temperature projection indicates that land use feedback, given the magnitude and location as projected in this study, does not particularly influence the projection of future warming across the region. Apart from coastal regions, the warming signals from both the equilibrium and transient runs follow a generally similar spatial pattern, with a stronger warming in the north than in the south. The conversion of forest to cropland generally reduces ET and therefore reduces evaporative cooling. The resulting warming effects are mostly compensated by the cooling effects 
of increased albedo causing decrease in absorbed solar radiation (Figures 5 and 7) . The spatial pattern of projected changes in surface incident solar radiation and absorbed solar radiation from both the FUTUR-E_EQ _LUC and FUTURE_TR_LUC experiments resemble that of precipitation changes, with increase (decrease) of solar radiation corresponding to decrease (increase) of precipitation. This correspondence can be attributed to the cloud feedback associated with precipitation. However, the projected decrease of absorbed solar radiation is larger than the projected decrease of insolation, due to the impact of albedo increase associated with land cover changes. The projected changes of surface radiation budget in FUTUR-E_TR_LUC are substantially larger in magnitude than in FUTURE_EQ_LUC across the domain. The cooling effects of albedo increase are partially compensated by the warming effects of reduced ET during the monsoon season. As a result, land use land cover changes would cause a rather minor decrease of surface temperature, offsetting a small fraction of GHGs warming in the region.
Summary and Conclusion
Based on numerical experiments using an asynchronously coupled climate-land use modeling framework, this study investigates the potential impact of climate change on agricultural land use and the resulting feedback to regional climate in West Africa using a transient approach, and compares results with those from an equilibrium approach. The model, without accounting for agricultural intensification, projects substantial cropland expansion by the mid-century because of climate-induced losses in crop yield and increases in food demand. By mid-century, during the summer monsoon season (June, July, August), the projected increase of surface air temperature ranges from less than 1.5 degrees along the coastal region to more than 3 degrees over the desert further north inland, while precipitation is projected to decrease by more than 1 mm/d over most of the region, with some increase primarily in the eastern part over Nigeria, Niger, and areas further east. Majority of the projected rainfall decrease in the model is caused by greenhouse gas concentration changes, while cropland expansion is responsible for majority of the projected increase of rainfall in the eastern part. Cropland expansion also tends to reduce the magnitude of projected warming.
Compared with projections for the same region in an application of the same model using an equilibrium approach [Wang et al., 2017, companion paper] , the transient approach used in this study projects faster cropland expansion for most of the West African countries. Correspondingly, the transient approach ) projected by future-climate runs (equilibrium: first column and transient: second column) using two different land use change scenarios in West Africa, and the differences between two future projections (third and fourth columns).
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produces a larger and spatially more extensive increase of the monsoon rainfall than the equilibrium approach, primarily over Niger, Nigeria, and Chad. For other countries within the region, the projected future climate changes show no qualitative differences between the two approaches. The quantitative difference in climate between the FUTURE_TR_LUC and the FUTURE_EQ_LUC projections is generally small. The future changes of climate projected using these two approaches agree in directionality even for precipitation, which implies that the equilibrium approach captures the first order impact while the transient approach accounts for additional but mostly minor changes.
The substantially faster cropland expansion projected by the transient approach can be attributed to the temporal dynamics of climate-induced yield loss and how well the impact of yield fluctuations on land use is represented in the LandPro_Crop model. Once a piece of land is converted to cropland, it stays as cropland in the model. As a result, historically productive land that is no longer productive is still retained in the transient projection. In reality, only some of the less productive (but still arable) land may be retained, while other less productive land (and land with repeated crop failures) will be abandoned. Not representing this mechanism amplifies the differences in future projections using the two different approaches, and is a major limitation for the transient application of LandPro_Crop (and therefore a main cause of uncertainty in the transient projections). In follow-up research, the LandPro_Crop model will be further developed to account for cropland abandonment driven by low yield and its conversion back to natural vegetation or bare soil depending on climate conditions. It is expected that with the resulting improved LandPro_Crop model, the transient approach would project a level of cropland expansion closer to the equilibrium approach, although their natural vegetation cover would still be different.
Another limitation of this study is the lack of consideration for potential adjustment of national import policy in response to temporary extremely low crop yield. Under such circumstance, a country can choose to import more to alleviate the food demand pressure (as opposed to rapidly expanding its arable land). As some governments in West Africa aim for self-sufficiency while others lack the means to suddenly increase import, the impact of this model limitation might be moderate.
Results from this study provide a basis for future research efforts for comprehensive assessments and robust projections of regional climate and agriculture systems. Specifically, the consideration for land use-climate interactions in regional climate projections can be facilitated by asynchronously coupling crop models, land use models, and agricultural economics models with climate models. The equilibrium approach of running the asynchronously coupled modeling framework can sufficiently capture the primary impact of the interactions between climate and agricultural systems for climate projection purposes, and the more cumbersome application of the transient approach is likely only necessary for land use projections. For similar reasons, it is likely not critical, although desirable, that climate projection be done based on modeling systems that incorporate synchronous coupling between climate and agricultural land use. The equilibrium approach of applying an asynchronously coupled modeling framework [Wang et al., 2017] can work as a feasible alternative. This, however, does not mean that transient dynamics is not important. It could significantly modify the projected land use dynamics depending on national policies and is especially important at shorter time scales. To support impact assessment and to provide actionable information for the development of climate adaptation strategies, transient dynamics of the agricultural system needs to be accounted for.
